The crystallographic structures and surface morphologies of Fe-P binary alloy films electrodeposited at different bath concentrations and different electrodeposition conditions have been studied in detail by means of XRD, HRTEM and SEM. The crystallization sequences of deposited films under the heat-treatment were analyzed with the help of XRD. The crystallographic structures of Fe-P deposited films were also compared with the Fe-P thermal equilibrium phase diagram. The results indicate that the crystallographic structures of Fe-P deposited films gradually change from crystalline to amorphous phase with increasing P content in the deposited films. The deposited film exists as -Fe supersaturated solid solution when the P compositions in deposited film are below 20.5 at%, whereas it exists as a homogenous amorphous phase when the P compositions in the deposited films are from 22.2 at% to 30.1 at%. Accordingly, the composition of boundary between the crystalline and homogenous amorphous regions can be determined at about 21.4 at% P content.
Introduction
Amorphous alloys showing unique mechanical, chemical, and magnetic properties have been attracting keen interest during last several decades. 1) In general, the amorphous alloys can be prepared by several techniques, i.e., rapid solidification of the melting metal, dry process such as ion sputtering and ion implantation, and wet process such as electrodeposition [2] [3] [4] [5] etc. The electrodeposition potentially offers an easy one-step technique to form monolithic parts out of amorphous alloys with appreciable thickness and controlled shape, and then has been extensively utilized in industry as an indispensable technique.
The amorphous Fe-P alloy films prepared by electrodeposition method have good low-temperature electrical resistivity. 6) Moreover, since they are the magnetically soft materials with coercivity 0.79-7.90 A/m, Fe-P deposited films can be applied in electronic and electrical industries. 7) Many papers have demonstrated that Fe-P deposited films can be prepared over a wide range of phosphorus composition, up to 26 at% P content. Their crystallographic structures usually change from crystalline to amorphous phase with increasing P content in the deposited films. 8) However, the composition of the boundary between the crystalline and the homogenous amorphous regions has not yet been clearly established.
The homogenous amorphous phase can be determined based on X-ray diffraction or electron diffraction investigation. However, if the crystallographic structure of deposited film is the aggregation of minute crystals, it is difficult to distinguish that this phase is homogenous amorphous or not because a broader diffraction peak appears in this case. In general, the heat-treatment method can be used to distinguish the homogenous amorphous phase from minute crystals. This is because that the amorphous phase is a meta-stable phase (at least from the viewpoint of thermodynamics). As it is heattreated, the amorphous phase transforms into more stable crystalline phase. With regard to the structural variation of amorphous material under heat-treatment, the phase transformation of electrodeposited Ni-P alloy films have been the subjects of investigation by a number of researchers. [9] [10] [11] However, the data about the influence of heat-treatment on the phase transformation of amorphous Fe-P alloy film obtained by electrodeposition method are practically absent.
It has been indicated that the meta-stable phase and amorphous often occur in the electrodeposited films, and sometimes certain stable phases do not occur in the deposited films even if they exist in their thermal equilibrium phase diagram. This is because the deposited films are the quenched solids from high temperature state, which has been described by Girin and Haruyama. 12, 13) As shown in the thermal equilibrium phase diagram 14) of Fe-P alloy system ( Fig.  1(a) ), the phosphorus dissolves in the -Fe crystals to form solid solution only about 5 at% at 1090 C; while it usually chemically combines with -Fe crystals for forming various kinds of intermetallic compounds or their mixtures over a wide range of phosphorus composition at the low temperatures. However, the experimental result has proved that the amorphous phase exists in the electrodeposited Fe-P alloy film. 15) This fact reveals that the structures of Fe-P deposited films do not correspond to the structures predicted by the thermal equilibrium phase diagram. Therefore it is necessary to investigate the relationship between the each other, thereby elucidating the mechanism about the formation of amorphous phase.
In the present study, as a series of research works in our laboratory, the crystallographic structure of electrodeposited Fe-P binary alloy film has been studied with means of X-ray diffraction, high-resolution transmission electron microscope and scanning electron microscope. The crystallization sequences of deposited films were carried out by heat-treatment and were determined with the help of XRD. The relationship between the crystallographic structures of deposited films has also been compared with their thermal equilibrium diagram, and the composition of boundary between the crystalline and homogenous amorphous regions has been determined to the exact point.
Experimental Procedure
The solution and operating condition for Fe-P electrodeposition are listed in Table 1 . The bath contained
(where x was controlled as 0.08, 0.24, 0.4 and 0.56, respectively.) In addition, glycine (0.14 mol/L) was added as a complex-forming additive, while oxalic acid (0.005 mol/ L) was added as a stabilizer of iron ions. All solutions were prepared using distilled water and reagent grade chemicals. The pH of each bath was adjusted to 2 or 3 with hydrochloric acid. The plating cell was a beaker of 0.5 L with agitation.
The copper foil with the thickness of 0.035 mm was used as substrate and the platinum plate was used as anode material. The copper foil with the dimension of 20 Â 20 mm 2 was electrochemically polished to a mirror finish surface. All samples were rinsed with distilled water, and dried by nitrogen gas before deposition. The distance between the anode and the cathode was 50 mm, and the area ratio of the two electrodes was 1 to 1.
The range of current density was from 500 to 1000 A/m 2 , and the deposition duration was 30 min. The bath temperature was maintained at 40 C AE 0:1 C, which was regulated through a heating resistance whose power was controlled to keep the temperature constant.
The surface morphologies of electrodeposited Fe-P alloy films were examined using the scanning electron microscope (SEM) (JEM-6100, JEOL). The alloy film compositions were determined by energy dispersive X-ray analysis (EDS) (JED-2001, JEOL). The structure of the deposited film was determined by X-ray diffraction (XRD) (MX Labo2, MAC Science) and a high-resolution transmission electron microscope (HRTEM) (JEM-2000FE, JEOL). To characterize the structural variations with temperature by X-ray diffraction, each sample was heated in vacuum with pressure no lower 10 À5 Pa for 60 min with the heating rate of 10 C/min.
Results and Discussions

Chemical composition of deposited films
Brenner described phosphorus and iron group binary alloy electrodeposition as abnormal deposition, ''induced deposition'' characterized by the co-deposition of phosphorus, which cannot be deposited alone from aqueous electrolytes. 16 ) Therefore, its deposition process is different from that of normal electrodeposition. Figure 2 illustrates the effect of current density on the chemical compositions of Fe-P deposited films obtained from baths of different phosphorus concentrations. The P content decreases with increasing the current density. This can be attributed to the effect of simultaneous evolution of hydrogen, which was demonstrated by Sridharan. 17) Moreover, the P content in deposited films gradually increases with increasing the phosphorus concentration in the bath.
Furthermore, as shown in Fig. 3 , the bath pH has a marked (a), and phase diagram of Fe-P deposited films obtained in the present study (b). effect on the P content in Fe-P deposited films. Under the same bath composition and current density, the Fe-P deposited films obtained at pH 2 contain more P content than those obtained at pH 3. The increase of the P content in deposited films at a lower pH may be explained using the indirect reduction process suggested by several researchers.
18)
Thus Fe-P alloy films with P content ranging from 7.1 at% to 30.1 at% have been obtained by changing deposition conditions and bath concentrations.
3.2 Determination of crystallographic structure of electrodeposited Fe-P alloy film Fe-P alloy films with wide range of phosphorus composition have been electrodeposited by changing electrodeposition condition and bath concentration. Then the crystallographic structures of deposited films were determined with means of XRD and HRTEM. Figure 4 illustrates the X-ray diffraction patterns of the deposited films at different P composition ranging from 7.1 to 31.0 at%. It should be mentioned that the three strong at 2 ¼ 43:2 , 50. 4 and 74.0 peaks in Fig. 4 are due to the copper substrate. X-ray diffraction patterns of Fe-P deposited films gradually change from sharp peaks to broad peaks with increasing P content in the deposited films. These sharp peaks are corresponded to the -Fe and show no other peaks from some compound such as Fe 3 P. As shown in Fig. 1(a) , the phosphorus can dissolve in -Fe crystals at about 5 at% at 1090 C to form solid solution, whereas it hardly dissolves in -Fe when the temperature is below 400 C. Therefore, it can be considered that the deposited films form the supersaturated solid solution of -Fe. However, when the P content in deposited films exceeds 20.5 at%, the sharp diffraction peak gradually disappears, meanwhile only a broad peak around at about 2 of 44.0 appears obviously. These broad peaks retain until the P content in deposited films reached 30.1 at%.
Based the above XRD results, it can be concluded that the Fe-P deposited films gradually change from the crystalline phase to homogenous amorphous phase with increasing the P content in the deposited films. However, as explained above, the composition of boundary between the crystalline and homogenous amorphous regions cannot be determined since it is difficult to distinguish that the deposited film is homogenous amorphous or not because of one broader of the diffraction peak. For instance, in the case of deposited film with 22.2 at% P content, only one broad peak appears in XRD patterns. However, since this broad peak probably suggests that the deposited film is homogenous amorphous or minute crystal, it cannot be identified that the deposited film is homogenous amorphous phase or not.
The high-resolution transmission electron microscope (HRTEM) was also performed on the samples. The HRTEM micrograph and electron diffraction pattern of the Fe-P deposited film with 20.5 at% P are shown in Fig. 5(a) . The lattice image was observed in the HRTEM micrograph and the crystal size is estimated as about 8.0 nm. The electron diffraction pattern consists of a diffuse ring and some diffraction spots, indicating a crystalline structure. On the other hand, Fig. 5(b) shows the HRTEM micrograph and electron diffraction pattern of Fe-P deposited film with 22.2 at% P content. Only an amorphous phase without any trace of crystals has been detected in the electron micrograph. The electron diffraction pattern of the deposit with 22.2 at% P content also reveals the presence of single diffuse ring, indicating an amorphous structure.
Based on the results of HRTEM, it can be concluded that the deposited film with 20.5 at% P content exists as the -Fe supersaturated solid solution, whereas that with 22.2 at% P content exists as the homogenous amorphous. Furthermore, the composition of the boundary between the crystalline and amorphous regions can be determined probably at about 21.4 at% P between 20.5 at% P (-Fe super saturated solid solution) and 22.2 at% P (homogenous amorphous phase). 
Crystallization sequences
In order to determine the composition of the boundary between the crystalline and homogenous amorphous regions, the Fe-P deposited films with various P content were heattreated in vacuum with pressure no lower 10 À5 Pa for 60 min with the heating rate of 10 C/min under different temperatures ranging from 200 C to 400 C. Then the variations of phase transformation were also determined with the help of XRD. According to the diffraction studies performed by XRD (Fig. 6) , the appearance of phases formed upon heattreating electrodeposition Fe-P alloy film can be described as follows:
In the case of deposited film with 10.0 at% P (Fig. 6(a) ), only the -Fe supersaturated solid solution {110} peak appears in the as-deposited film, this {110} peak maintains until 400 C. It means that the as-deposited Fe-P alloy film is crystalline phase.
In the deposited film with 20.5 at% P (Fig. 6(b) ), only weak As-deposited film -Fe supersaturated solid solution {110} peak appears in the as-deposited film. After heat-treatment up to 300 C, the -Fe {110} diffraction peak becomes sharp through the release of lattice stress in the deposited film. However, when the temperature reaches at 400 C, the Fe 3 P diffraction peak appears simultaneously with the -Fe {110} peak. It means that the as-deposited film is crystalline phase. Heat-treatment at 400
C results in the transformation of the -Fe supersaturated solid solution into the equilibrium phase of iron and Fe 3 P when the crystallization temperature of Fe 3 P reaches (about 400 C). In contrast to deposited film with 20.5 at% P, the crystallization sequence of the deposited film with 22.2 at% P (Fig.  6(c) ) is quite different. The Fe 3 P diffraction peaks firstly appear at 300 C, while the Fe 3 P and -Fe {110} diffraction peaks appear simultaneously at 400 C. It means that the asdeposited film is homogenous amorphous phase. The amorphous phase crystallizes as Fe 3 P intermetallic compound and -Fe under heat-treatment, since P content is lower than 25 at%, in which the P content is precisely for forming Fe 3 P.
In the deposited film with 30.1 at% P (Fig. 6(d) ), the diffraction peaks for Fe 3 P firstly appear at 300 C, while the Fe 3 P and Fe 2 P diffraction peaks appear at 400 C. It means that the as-deposited film is homogenous amorphous phase. The homogenous amorphous phase crystallizes as Fe 3 P and Fe 2 P intermetallic compound under heat-treatment, since P content is higher than 25 at% in which the P content is precisely for forming Fe 3 P.
As discussed above, it is clear that the crystalline and amorphous Fe-P deposited films transform into their final stable crystalline state via a different two-step process. The composition of the boundary between the crystalline and homogenous amorphous regions is at about 21.4 at% P content between 20.5 at% P (-Fe supersaturate solid solution) and 22.2 at% P (homogenous amorphous phase). Figure 7 shows the TEM micrograph and electron diffraction pattern of the deposited films with 22.2 at% P content under heat-treatment at 400 C for 60 min. It shows polygonal crystals throughout the deposited film. Moreover, the electron diffraction pattern confirms the existence of Fe 3 P phase. This result is similar to that of XRD (Fig. 6(c) ). However, no obvious -Fe spots can be observed since the diffraction patterns of the two phases in the electron diffraction pattern are always overlapping. It is evidence that the amorphous phase transforms into crystal-Fe and crystal-Fe 3 P upon heat-treating.
Amorphous phase formation in the deposited films
It has been well known that the meta-stable material and amorphous material can be produced by the electrodeposition method. 19) This phenomenon can be attributed to the electrochemical process of electrodeposited films formation. 20) The metallic ions in aqueous electrolyte discharge at a potential of several eV, and are electrodeposited as neutral atoms, so that the formed ad-atoms possess very high energy. Since many ad-atoms are deposited simultaneously and continuously, the surface of electrodeposited film can be considered as a molten state or high-temperature state.
Although not all atoms of the deposited film are in the molten state, the other atoms, which are in the molten state, can diffuse easily. In this way, the formed crystal with stable state at high temperature is rapidly quenched by the solution and especially by the substrate having a temperature less than 100 C. Therefore, the amorphous phases can form in alloy films.
Moreover, the other factor about the formation of amorphous phase is that the intermetallic compound must exist in the thermal equilibrium phase diagram. In general, amorphous phase in which atoms are coagulated at random state can be formed when the phase is quenched so rapidly that the activation energy for forming the intermetallic compound cannot be obtained. 21) Furthermore, with regard to the P composition range for forming amorphous in the deposited films, Masumoto et al. concluded that the P composition range for forming the amorphous phase should surround the P composition of eutectic point since around this composition, the deposited films can be quenched most readily with the lowest energy. 22) However, many experimental results [23] [24] [25] [26] obtained by our laboratory including the result of the present study, have proved that the P composition range for forming the amorphous phase should surround the composition range for forming the intermetallic compound.
3.5 Surface morphologies of Fe-P deposited films with various phosphorus content Compact, semi-bright and bright Fe-P deposited films were obtained in most cases. Figure 8 shows the change of surface morphologies of Fe-P deposited films at different P content. The morphologies of deposited films with high P content are very flat and smooth, showing a typical surface feature of amorphous phase. However, the Fe-P deposited films with lower P content are rough, and some dendritic shaped grains are observed in the surface of deposited film. It is obvious that increasing P content of deposited films enhances their smoothness and brightness i.e. the morphologies of deposited films gradually change from unevenness to smooth with increasing P content in the deposited films. 
Conclusions
Fe-P binary alloy films with various phosphorus content were electrodeposited and the crystallographic structure was determined by using XRD and HRTEM. The structural variations of deposited films under heat-treatment were determined by using XRD. The relationship between the crystallographic structure of deposited film and its thermal equilibrium diagram was discussed in detail. The phase diagram obtained by electrodeposition method was presented in Fig. 1(b) . Results clearly showed that: 1) The deposited film consists of -Fe supersaturated solid solution when the P content are below to 20.5 at%, whereas it consists of homogenous amorphous phase when the P content are ranging from 22.2 to 30.1 at%; 2) The composition of the boundary between the crystalline and homogenous amorphous regions is determined at about 21.4 at% P content. 
